Little is known about the transcription factors that mediate lineage commitment of multipotent hematopoietic precursors. One candidate is the Ets family transcription factor PU.1, which is expressed in myeloid and B cells and is required for the development of both these lineages. We show here that the factor specifically instructs transformed multipotent hematopoietic progenitors to differentiate along the myeloid lineage. This involves not only the up-regulation of myeloid-specific cell surface antigens and the acquisition of myeloid growth-factor dependence but also the down-regulation of progenitor/thrombocyte-specific cell-surface markers and GATA-1. Both effects require an intact PU.1 transactivation domain. Whereas sustained activation of an inducible form of the factor leads to myeloid lineage commitment, short-term activation leads to the formation of immature eosinophils, indicating the existence of a bilineage intermediate. Our results suggest that PU.1 induces myeloid lineage commitment by the suppression of a master regulator of nonmyeloid genes (such as GATA-1) and the concomitant activation of multiple myeloid genes.
The differentiation of hematopoietic stem cells into specialized blood cells involves global changes in gene expression, resulting in expression of a characteristic set of genes in each mature cell type. Although a number of transcription factors that regulate the expression of cell type-specific genes are well characterized, little is known about the transcriptional events that lead to lineage commitment of multipotent progenitors. Gene inactivation studies in mice are of somewhat limited value in addressing this question because of commonly encountered gene redundancies and difficulties in defining the earliest committed progenitors. On the other hand, in vitro work with isolated multipotent progenitors is not practical, as they represent only a small fraction of hematopoietic tissues and are not easily maintained in culture. One approach to circumvent these difficulties relies on the use of hematopoietic cell lines with multilineage potential, with the disadvantage that cell lines are often aberrant in their properties. An alternative in vitro system, developed in our laboratory, is based on the generation of primary transformed hematopoietic cells. This can be achieved by infecting chicken blastoderm cell suspensions with the Gag-Myb-Ets-encoding E26 leukemia virus, leading to the outgrowth of proliferating primary colonies in semisolid medium. 50%-80% of these colonies consist of cells with properties of multipotent progenitors, the rest contain myeloblasts and occasional erythroid cells and eosinophils . The Myb-Ets-transformed multipotent progenitors (termed MEPs) express cell-surface antigens characteristic of normal multipotent hematopoietic progenitors and thrombocytes (McNagny et al. , 1997 . They can be induced to differentiate into thrombocytes when v-Myb is inactivated , into erythrocytes when v-Ets is deleted or inactivated (Kraut et al. 1994; Rossi et al. 1996a) , and into myeloblasts and eosinophils when the Ras or PKC pathways are activated . The differentiation of MEPs into myeloid cells and eosinophils involves the up-regulation of the transcription factors PU.1 and C/EBP and the down-regulation of GATA-1, factors that are known to be expressed in normal cells of the corresponding lineages Kulessa et al. 1995; McNagny et al. 1998) .
It is widely assumed that lineage-specific gene expression programs are established and maintained by both positive and negative interactions between transcription factors that are expressed in different compartments of the hematopoietic system (for review, see Ness and Engel 1995) . Thus, whereas myeloid cells appear to be specified by a combination of PU.1 and C/EBP proteins (for review, see Tenen et al. 1997) , eosinophils (at least in chickens) require a combination of C/EBP and moderate levels of GATA-1 (Kulessa et al. 1995; McNagny et al. 1998) . In all cases, promoters of lineage-specific genes contain binding sites for the corresponding proteins and these sites are important for function. The lineage-restricted factors in turn cooperate with more ubiquitously expressed regulators, such as c-Myb and AML-1, to activate their cognate promoters (for review, see Tenen et al. 1997) . However, the absence of a factor may be as important as its presence. Thus, forced expression of GATA-1 in chicken myeloid cells leads to a suppression of myeloid gene expression followed by up-regulation of either eosinophil-or progenitor-specific genes (Kulessa et al. 1995) . In both MEPs and eosinophils, PU.1 expression is extinguished, whereas C/EBP is down-regulated in MEPs but not eosinophils (Kulessa et al. 1995; McNagny et al. 1998) . These findings raised the possibility that PU.1 and C/EBP themselves induce multipotent progenitors to differentiate along the myeloid and eosinophil lineages, respectively. We have addressed this question by introducing PU.1 (this paper) and C/EBP into MEPs using recombinant versions of the E26 retrovirus that express these factors.
PU.1 is a transcription factor with a winged helixturn-helix-type DNA-binding domain that is a member of the Ets family of proteins and is expressed specifically in myeloid and B-lymphoid cells of the hematopoietic system (Klemsz et al. 1990) . In mice in which the PU.1 gene has been inactivated, these lineages either completely fail to develop (Scott et al. 1994) or are delayed and highly aberrant (McKercher et al. 1996) . Experiments in chimeric animals have shown that the factor is required in a cell-autonomous manner and appears to affect the differentiation of multipotent myeloid/B-cell progenitors (Scott et al. 1997 ). These observations raised the intriguing possibility that PU.1 is involved at the level of commitment of multipotent progenitors and is not simply required for late functions of myeloid and B cells.
Here we show that PU.1 instructs MEPs to exit the multipotent state and to differentiate into myeloblasts. This process becomes irreversible within 2-3 days of forced expression of an active PU.1 form and is preceded by the down-regulation of GATA-1, a factor incompatible with myeloid gene expression. Thus, PU.1 is the first transcription factor shown to mediate commitment of multipotent progenitors to the myeloid lineage.
Results

Hematopoietic cells transformed by a PU.1-expressing E26 virus are exclusively myeloid
To assess the effect of PU.1 on MEPs we constructed a recombinant version of the E26 virus expressing human PU.1 from an internal ribosomal entry site (E26-PU.1; Fig. 1A ). Proviral DNA corresponding to this construct, as well as that of wild-type E26 virus (E26-WT), were used to transiently transfect the Q2bn-packaging cell line to produce virus. These cells were then cocultivated with suspensions of 2-day chicken blastoderms (which contain large numbers of E26 target cells in their yolk sac) and the infected cells plated in semisolid medium for 2 weeks at 37°C. Approximately 100-200 transformed colonies per plate were obtained with each construct. These were pooled and analyzed for expression of lineage-specific cell-surface antigens. (MEP21 detects MEPs, EOS47 detects eosinophils, and MYL51/2 detects myeloblasts). As shown in Figure 1B , E26-WT-transformed colonies consisted of ∼50% MEPs, ∼8% eosinophils, and ∼40% myeloblasts (which arise spontaneously from MEPs under these culture conditions; Graf et al. 1992) ; in contrast, the presence of PU.1 in the E26 virus led to a dramatic increase in the proportion of myeloid cells at the expense of MEPs and eosinophils, which were reduced to almost background levels. Similar results were obtained for other MEP (MEP26) and myeloid (1C3, MHC II) markers (data not shown). Clonal expansion of individual E26-PU.1-transformed colonies yielded only myeloid populations, and we observed no expression of erythroid, B-, or T-cell markers (data not shown). These results suggest that PU.1 accelerates the differentiation of MEPs into myeloid cells.
Activation of a conditional PU.1 allele in MEPs induces myeloid differentiation
To ensure that the predominance of myeloid cells in E26-PU.1-transformed colonies was the result of an instructive effect and not to the selective survival of myeloid cells, we made a conditional allele of PU.1 by fusing the hormone-binding domain of the human estrogen receptor (hER) to the carboxyl terminus of human PU.1 (Fig. 2A) . The inducibility of this PU.1-estrogen receptor chimera (PUER) was tested by transient transfection with a reporter construct containing three PU.1 binding sites upstream of the herpes simplex virus (HSV) thymidine kinase (TK) minimal promoter driving the luciferase gene ( Fig. 2A) , in fibroblasts maintained in the presence or absence of ␤-estradiol (␤E). As seen in Figure 2B , PUER activity was inducible by ␤E from background levels to a level indistinguishable from that of wild-type PU.1. Next, we constructed an E26 derivative containing PUER (E26-PUER; analogous to E26-PU.1 in Fig. 1A ) and used this virus to transform blastoderm cultures. Individual clones were isolated and those that contained no myeloid cells or eosinophils were then selected for further studies. Such E26-PUER-transformed MEP clones were treated with ␤E, and after 2, 4, and 6 days, their phenotype was analyzed. As illustrated in Figure  2C , we observed a rapid down-regulation of MEP21 as well as MEP26 antigen (another MEP/thrombocyte restricted marker; McNagny et al. 1992 ) and an up-regulation of the myeloid markers 1C3 and MYL51/2, whereas EOS47 antigen was not detectable at all. Almost identical time courses of antigenic changes were observed with four clones examined, whereas another three exhibited slower kinetics of both down-and up-regulation of antigens. No effect whatsoever of ␤E was observed on E26-WT-transformed MEPs.
Although the observed changes in antigen expression are consistent with an instructive effect of the factor, they could also be the result of PUER-mediated growth arrest or death of E26-PUER MEPs followed by the outgrowth of a previously undetected subpopulation of myeloid cells. If this was the case, one would expect the sudden emergence of a subpopulation of cells with surface markers characteristic of myeloblasts (e.g., MEP21−/1C3+). If, on the other hand, cells in the population are reprogrammed by PU.1, one would expect a gradual decrease in MEP antigen expression in the whole population, together with a gradual increase in the intensity of expression of myeloid markers. Therefore, we reanalyzed our FACS data (Fig. 2D ) and found that treatment with ␤E induced a gradual change in the entire MEP population, with cells exhibiting intermediate levels of both MEP21 and 1C3 antigens at day 2 and cells expressing high levels of 1C3 antigen and low levels of MEP21 at day 6. There was also a significant decrease in MEP21 fluorescence intensity already after a 2-day ␤E pulse, which is not apparent from the results plotted in Figure 2C , in which all cells above a certain threshold scored as positive. We conclude from these results that selection is not likely to play a role in the phenotypic changes observed after PUER activation in MEP cells and that these changes are the result of an instructive role of the factor.
PU.1 activation in MEPs results in down-regulation of GATA-1
Our previous results showed that expression of GATA-1 is incompatible with the myeloid gene expression program, as forced expression in myeloid cell lines led to their conversion into either eosinophils or MEPs (Kulessa et al. 1995) . Therefore, we analyzed the effect of PUER activation on GATA-1 protein expression in MEPs. As shown by the Western blot in Figure 3A , treatment with ␤E of E26-PUER MEPs for an increasing number of days led to a decrease of GATA-1 expression, with a 6-day treatment resulting in complete GATA-1 downregulation. To determine whether the disappearance of GATA-1 protein was caused by the down-regulation of GATA-1 mRNA levels, four E26-PUER MEP clones were pooled and induced with ␤E. Total RNA was isolated and GATA-1 mRNA levels analyzed after 2 and 4 days of induction (Fig. 3B ). This analysis showed a significant down-regulation of GATA-1 mRNA on PUER activation compared with uninduced control cells. As a control, GAPDH mRNA was not down-regulated (but rather up-regulated) during this time course (cf. with 28S rRNA for RNA loading).
PU.1 induces irreversible myeloid lineage commitment in MEPs and reveals the formation of EOS47 antigen-positive cells
To correlate the observed PU-1-induced down-regulation of GATA-1 expression with the ability of PU.1 to induce myeloid commitment of MEPs, we determined the time required for irreversible commitment to myeloid differentiation. For this purpose, E26-PUER-transformed MEPs were exposed to ␤E pulses of 1-4 days, the inducer was removed by thorough washing, and the cells were tested for marker expression on day 8 (Fig. 4A) . The data in Figure 4 , B-D, show that following a 1-day ␤E pulse, the majority of the cells down-regulated their MEP markers and ∼10% expressed myeloid markers instead. Interestingly, another subpopulation of the cells (>50%) were positive for EOS47 antigen, a marker that is exclusively expressed on immature and mature eosinophils within the chick bone marrow (McNagny et al. , 1996 . After a 3-day pulse, essentially all E26-PUERMEPs were committed to myeloid differentiation, expressing three different myeloid markers, but no MEP or eosinophil markers, and had the morphology of myeloblasts, in that they exhibited a large, faintly stained cytoplasm and excentric nuclei (Fig. 5A) . Furthermore, in contrast to the parental MEP cells, their growth was dependent on chicken myelomonocytic growth factor (Fig.  5B) , a hallmark of normal as well as E26-transformed myeloid cells (Leutz et al. 1984 ). Finally, they had completely lost GATA-1 expression and acquired C/EBP␤ protein instead (Fig. 5C) .
The formation of MEP21-negative, EOS47-positive cells following a 1-day treatment of E26-PUER cells with ␤E raised the question of whether they expressed other eosinophil markers such as peroxidase (which is restricted to mature avian eosinophils; Brune and Spitznagel 1973) . Therefore, we compared the hormoneinduced cells with eosinophils obtained from MEPs after activation of a C/EBP␤-ER chimera ). As can be seen from the FACS profiles of Figure 6A , the ␤E-induced E26-PUER cells expressed slightly lower levels of EOS47 antigen than the ␤E-induced control C/ EBP␤-ER cells. In addition, they exhibited no granules and, unlike the C/EBP␤-ER cells, were peroxidase negative (Fig. 6B) . These results therefore show that a shortterm activation of PUER in MEPs induces the formation of cells with properties of immature eosinophils.
The PU.1 transactivation domain is required for induction of myeloid differentiation
To study the role of the transactivation domain of PU.1, we constructed a series of amino-terminal deletion mutants. The transactivation domain is located at the amino terminus of the protein, the middle contains a proline-, glutamic acid-, serine-, and threonine-rich (PEST) domain, whereas the DNA-binding domain is located at the carboxyl terminus. (Fig. 7A ; Klemsz and Maki 1996) . The various mutants were cotransfected with the pPU3TK-LUC reporter construct ( Fig. 2A) into Q2bn fibroblasts to test their transcription activation potential. As shown in Figure 7B , deleting the first 23 amino acids of PU.1 had little effect on transactivation, deleting 56 or 80 amino acids severely reduced activity, whereas deleting 100 amino acids led to an almost complete loss of activity. We then fused various parts of the PU.1 protein to the GAL4 DNA-binding domain and tested the activity of the chimeric proteins on a GAL4 site-containing reporter construct (Fig. 7C) . This showed strong activation by PU.1 amino acids 1-55, some activity of amino acids 56-99, and no activity of amino acids 100-170 (Fig. 7D) , consistent with the above results, as well as previous reports (Hagemeier et al. 1993; Klemsz and Maki 1996) . The two activating regions synergized (G4-PU 1-99), whereas the PEST domain-containing region, although inactive by itself, had a negative effect (cf. G4 PU 1-99 with G4 PU 1-170; G4 PU 56-99 with G4 PU 56-170). We conclude that the major transactivation domain of PU.1 resides in the amino-terminal 55 amino acids and a minor domain between amino acids 56 and 99.
Next, we inserted the PU.1 amino-terminal deletion mutants into the E26 virus and tested the resulting recombinant viruses for their transforming specificities. As shown in Figure 8A , the induced decrease in MEPtype colonies relative to myeloid colonies was strictly dependent on the transactivation domain. Thus, strong PU.1 alleles (PU.1 WT, PUDN23) induced a virtually complete MEP to myeloid cell conversion, whereas transactivation-deficient PU.1 alleles (PUDN100, PUDN123, PUDN143) were ineffective. The latter even led to a partial suppression of myeloid differentiation, suggesting a dominant-negative effect, most likely caused by competition with endogenous PU.1 for PU.1 DNA-binding sites. That these effects were not a reflection of different protein expression levels was shown by Western blots of extracts from cells transformed by the various viruses with a monoclonal antibody against the Myc epitope used to tag the PU.1 proteins (Fig. 8B) . Moreover, the effect on differentiation was highly sensitive to PU.1 activity, as seen by the close correlation between the ratio of myeloid cells to MEPs (plotted on a logarithmic scale) and the transactivation strength (plotted on a linear scale) of the PU.1 alleles tested (Fig. 8C) . Therefore, we conclude that the ability of PU.1 to induce myeloid differentiation in E26-transformed multipotent progenitors depends on the integrity of its transactivation domain.
Discussion
PU.1-induced myeloid lineage commitment in multipotent hematopoietic precursors
Here we have demonstrated that PU.1 is able to induce myeloid lineage commitment in primary cultures of MEPs transformed by the E26 virus in a manner strictly dependent on the PU.1 transactivation domain. The cells obtained expressed cell-surface antigens specific for the myeloid lineage and required cMGF for their growth, a characteristic of both normal and E26-transformed myeloid cells (Leutz et al. 1984) . Furthermore, they expressed C/EBP␤, a myeloid/eosinophil-specific transcription factor, but not GATA-1. Our results, therefore, provide a first example of a transcription factor capable of selectively instructing multipotent progenitors to differentiate along the myeloid lineage. Thus, they suggest a role for PU.1 in the earliest steps of myelopoiesis, and 
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Cold Spring Harbor Laboratory Press on October 16, 2017 -Published by genesdev.cshlp.org Downloaded from may explain the impairment of myeloid development in PU.1 mutant mice (Scott et al. 1994 (Scott et al. , 1997 McKercher et al. 1996) . That the changes induced by PU.1 are the result of its capacity to reprogram multipotent progenitors rather than to simply induce ectopic gene expression, is indicated by the finding that subjecting E26-PUERtransformed MEPs to a 3-day pulse of ␤E is sufficient to induce the entire progenitor population to differentiate into myeloblasts. Once committed, the cells are probably locked in the myeloid compartment because of the ability of PU.1 to regulate its own expression (Chen et al. 1995) . The activation in MEPs of the Ras or PKC pathway likewise leads to the differentiation of myeloid cells ). This suggests that induction of PU.1 expression is downstream of a signaling pathway that emanates from an as yet unknown extracellular stimulus. However, because the biological effects described here occurred in the absence of such stimuli, it is not likely that PU.1 protein needs to be additionally modified by the signal transduction machinery, at least in the context studied.
It cannot be ruled out that the presence of Ets domains in both PU.1 and the Gag-Myb-Ets oncoprotein leads to functional interference between the two proteins. However, the observation that the PU.1 Ets domain by itself does not promote (but rather inhibits) myeloid differentiation argues against this possibility. To settle this point, it will be necessary to test the ability of PU.1 to direct the lineage choice of untransformed cells, a question we are currently addressing using ES cell in vitro differentiation.
PU.1-mediated suppression of GATA factors in myeloid lineage commitment
We have demonstrated previously that maintenance of the myeloid phenotype requires the absence of GATA-1, because intermediate levels of ectopic GATA-1 expression in myeloid cells resulted in a reprogramming into eosinophils, whereas higher levels of GATA-1 led to cells expressing MEP/thrombocyte markers (Kulessa et al. 1995) . During both processes, PU.1 expression was extinguished . Conversely, several lines of evidence suggest that the mechanism by which PU.1 induces myeloid (and eosinophil) commitment in MEP cells involves the down-regulation of GATA-1. Thus, the level of GATA-1 protein expression observed at different times after PUER activation correlated with the percentage of cells that became irreversibly committed after hormone withdrawal, with predominantly eosinophil commitment obtained after an approximately two-to threefold down-regulation of GATA-1 and myeloid commitment after further reduction. Consistent with this observation, the difference in ectopic GATA-1 levels required for the generation of either eosinophils or MEPs from myeloblasts was only two-to threefold (Kulessa et al. 1995) . Our results thus support the notion that the capacity of PU.1 to reprogram MEP cells can, at least in part, be explained by its ability to down-regulate GATA-1 expression, most likely at the level of transcription, and suggest that GATA-1 and PU.1 have antagonistic roles in hematopoietic lineage decisions at the branch point between erythroid/megakaryocytic and myeloid precursors. This conclusion is in accordance with observations made with chimeras between PU.1 null and wild-type mice, which showed a complete lack of mutant-derived myeloid/B cells, whereas the erythroid/ megakaryocytic lineages were unimpaired (Scott et al. 1997) .
The observations that sustained activation of PUER in E26-PUER cells induces myeloid differentiation, whereas a 1-day pulse induces the formation of immature eosinophils, indicate that myeloid differentiation proceeds via a transient myeloid/eosinophil precursor. A possible explanation is that an incomplete down-regulation of GATA-1 induces the expression of endogenous C/EBP to levels that are sufficient to drive the cells into the eosinophil lineage but that are insufficient to induce their maturation. Evidence for this type of mechanism is provided in Nerlov et al. (1998) .
The proposed role of GATA factors in the maintenance of multipotent progenitors is supported by the finding that a GATA-1 promoter construct driving a temperature-sensitive SV40 large T antigen (LTAg) can transform murine cells with myeloid/erythroid potential (Cairns et al. 1994) . Consistent with our observations, these cells down-regulate GATA-1 (and LTAg) expression when induced to differentiate along the myeloid lineage. It should be noted, however, that other GATA family members (such as GATA-2) are also expressed in SV40 LTAg-transformed progenitors, enriched human pluripotent stem cells, and MEP cells, but not in myeloblasts (Cairns et al. 1994; Orlic et al. 1995; C. Nerlov and T. Graf, unpubl.) . Whether these are also down-regulated by PU.1 remains to be investigated.
It is interesting that ectopic activation of PU.1 (through retroviral insertion) in GATA-1 expressing murine erythroleukemia (MEL) cells results in an induction of proliferation and arrest of differentiation, whereas GATA-1 remains expressed (Baron and Farrington 1994) . When these cells are induced to mature into erythrocytes, PU.1 is down-regulated, and this is a prerequisite for differentiation to occur (Rao et al. 1997) . The peaceful coexistence of GATA -1 and PU.1 in MEL cells could be caused by the existence of different regulatory elements that control GATA-1 expression in multipotent progenitors and in early erythroid cells. A similar mechanism could be operative in mast cells in which PU.1 and GATA-1 are also known to coexist (Henkel and Brown 1994) .
Specificity of the PU.1-induced myeloid differentiation
The specificity of the myeloid-instructive capacity of PU.1 is illustrated by the fact that other lineage-restricted transcription factors do not show this effect. Thus, C/EBP␣, which is normally expressed in myeloid cells and in eosinophils, induces MEPs to differentiate exclusively into eosinophils. C/EBP␤, although predominantly inducing eosinophil differentiation, can in-duce myeloid differentiation in addition . Furthermore, MafB, whose expression is restricted to myeloid cells of the hematopoietic system (Sieweke et al. 1996) , does not induce myeloid differentiation of MEPs (M. Sieweke and T. Graf, unpubl.) . We were unable to observe the formation of either B or T cells following the expression of PU.1 in MEP cells, in spite of the known requirement of PU.1 for the development of these two cell types in vivo (Scott et al. 1994 (Scott et al. , 1997 McKercher et al. 1996) . This may reflect the fact that the differentiation potential of MEPs is restricted to nonlymphoid cell types.
Materials and methods
Cell culture and FACS analysis
Infection of 2-day chicken blastoderm by cocultivation with Q2bn packaging cells transfected with E26 proviral DNA has been described (Rossi et al. 1996b ). For analysis of bulk cultures, cells were plated in methylcellulose and phenotyped by indirect immunofluorescence (IIF) on a Becton-Dickinson FACScan 2 weeks after infection . The MEP21, MEP26, EOS47, MYL51/2, 1C3, and c1a (anti-MHC II) monoclonal antibodies have been described (Kornfeld et al. 1983; Ewert et al. 1984; Mandi et al. 1987; Graf et al. 1992; McNagny et al. 1992 ). For analysis of individual MEP clones, colonies were picked and expanded, analyzed by IIF, and clones selected that were positive for MEP21 and MEP26 antigen expression and negative for lineage-specific markers. For induction, cells were cultured in the presence of 0.5 µM ␤E. In pulse-chase experiments, cells were washed three times in medium after the indicated period of ␤E treatment and replated in the absence of inducer. Phenotypes were analyzed by IIF as above. [
3 H]thymidine incorporation assays for growth factor dependence were performed as described (Rossi et al. 1996b) , except that recombinant, rather than crude, cMGF was used (Leutz et al. 1989) . Peroxidase activity was detected as described , and morphological analyses were performed on cytospins fixed with methanol and May-Gruenwald-Giemsa stained (Diff-Quik, Harleco).
Transfection and Western blot analysis
Transient transfection into Q2bn fibroblasts was done with 0.5 µg of PU.1 expression vectors, 1 µg of the pPU3-TKLUC reporter (obtained from Dr. N. Kraut, Fred Hutchinson Cancer Research Center, Seattle, WA), or 1 µg of pG5B-Luc reporter, and 0.25 µg of pRSV-␤-Gal internal control plasmid as described . Cell extracts were made and Western blotting performed as described , with the anti-Myc 9E10 monoclonal antibody (Evan et al. 1985) , anti-GATA-1 antiserum (Kulessa et al. 1995 ; generously provided by Dr. G. Goodwin, The Institute of Cancer Research, Sutton, Surrey, UK), and anti-C/EBP␤ antiserum (Katz et al. 1993 ; kindly provided by Dr. A. Leutz).
RNA extraction and Northern blotting
Total cellular RNA was prepared according to Chomczynski and Sacchi (1987) . After electrophoresis through a 1.2% formaldehyde-agarose gel, RNA was transferred to Duralose (Stratagene) by capillary blotting and sequentially probed with chicken GATA-1 (Yamamoto et al. 1990 ) and GAPDH cDNA (Dugaiczyk 1983) labeled by random priming.
DNA constructs
Human PU.1 cDNA (Ray et al. 1990 ) and PCR-generated deletion constructs were amino-terminally tagged with a Myc epitope and cloned into pcDNAI (Invitrogen) for transient transfection analysis, and the E26 proviral vector pMI3-IRES (behind an EMCV IRES element (Rossi et al. 1996b ) for MEP infection. The human estrogen receptor hormone-binding domain (amino acids 282-595), derived from pMV-7MER (Eilers et al. 1989) , was fused to the carboxyl terminus of PU.1, generating PUER. This was cloned into pcDNAI and pMI3-IRES as above, generating pCMV-PUER and pMI3-IR-PUER (which contains the E26-PUER provirus). The pG5B-LUC reporter was constructed by cloning a SacI-XhoI fragment of pG5B-CAT (containing five GAL4 binding sites upstream of the E1b minimal promoter; Lillie and Green 1989) into the same sites in pGL3-basic (Promega), the E1b promoter transcribing toward the luciferase gene. GAL4 fusions were constructed by cloning a HindIIIEcoRI fragment from pGBT9 (Clontech) into the same sites in pcDNAI, generating pCMV-GD. Fragments of the PU.1-coding sequence were flanked by EcoRI and XhoI by PCR and cloned into the same sites in pCMV-GD.
